Abstract. Lightweight structures are an important element in today's production industry. For the multi-axis milling of these structures some aspects have to be considered to achieve a good surface quality and to prevent damaging the milling machine during the machining process. In this article methods to determine suitable feed rates for the milling process, to identify parts of the workpiece with too much heat build-up, and to avoid collisions between workpiece and machine parts are presented. For this purpose a milling simulation based on a multi-dexel field workpiece model has been developed, in which two types of feed rate adaptation have been integrated. Work on a built-in temperature development simulation and collision control is in progress.
effectiveness grows. Another important aspect when using short tools is the higher geometrical accuracy, which reduces the need for time consuming and thus expensive manual finishing [2] .
The described advantages have to compensate for some drawbacks. Five-axis machining centers demand higher investment costs, and additional costs emerge from the necessity to buy new, fiveaxis-capable CAM software and to train personnel on it. When generating NC paths, most CAM systems usually do not take the current shape of the workpiece into account. To avoid collisions between the workpiece and parts of the milling machine, they tend to generate quite conservative tool paths. Thus, they are often unable to make use of the five-axis advantages to the full extent and can still not assure a collision-free process. To avoid these problems while retaining as much advantages as possible, simulation of the milling operation represents a good solution.
Simulation of Five-Axis Milling. The main idea of simulating the milling process is to imitate the behavior of the real process with all relevant input values as accurately as possible to be able to transfer conclusions from the simulation to the real-world process. It should allow to identify all relevant problems of the actual process in advance of the real production. Therefore, it provides the possibility to save time and material costs without any risk of damaging the machining center or tools by collisions. An additional benefit is the ability to optimize the parameters of the process to gain higher product qualities at lower production costs. The production of lightweight structures is especially challenging for the five-axis milling process. To avoid a bending of the workpiece, special chucks are necessary. Thus, the probability of collisions is even higher than during the production of other types of structures, like more massive dies or moulds. The collision detection can be accomplished by using the simulation as a regular in-process tool to verify and optimize NC paths generated by CAM systems.
An in-process simulation has to fulfill various needs. In order to provide a maximum of flexibility, the duration of a simulation run should be short. If a run took much longer than the real process, the path could be tested for collisions by simply milling replacement materials like ureol. Additionally, the results of the simulation must be reliable as it replaces other types of verification and will be the only step that prevents damage of the semi-finished product, the tools, and the milling machine.
There are several requirements for the model of the workpiece in five-axis milling. In contrast to three-axis milling, where high precision is needed only for one direction, it is important to offer a high accuracy in all three directions. Undercuts cannot be machined in a regular three-axis milling process. However, for five-axis milling such assumptions cannot be made. For this reason, there is a special need for the support of undercuts in the simulation without a significant impact on the running time in order to ensure an efficient simulation of a generic milling process.
Implemented Data Structures
There are several common data models for workpieces. Most show one or more disadvantages, which prevent their use for the desired purpose. Set operations on mathematically defined basic volumes are easy to implement and offer a very high accuracy, see JERARD [3] . The resulting object is usually stored in form of a binary tree, which defines set operations between the respective basic volume elements like cubes, spheres, and quadrics. But their usage is usually much too slow for long NC paths. Another example is the T-Buffer implementation by VAN HOOK [4] , which offers a high calculating speed. But it does not allow collision detection as it works only in the image space by using an extended Z-Buffer and so does not contain further information. For usual three-axis milling a so-called nailboard data model has proven to be sufficient [5] . A nailboard consists of a 2-dimensional field of virtual 'nails', which are arranged on a regular grid. The end of each nail represents a point on the surface. The milling itself is simulated by positioning a CSG (Constructive Solid Geometry [6] )-modeled cutter at the specified position and clip the nails at the point of intersection with the cutter. As the length of the nails is stored as floating point value, there is one direction with higher accuracy. This model can be easily enhanced to offer the capability of representing undercuts. Instead of a single value, a list of height values at every grid vertex gives the option to model gaps in the material. The resulting structure is called a dexel field. To achieve a high accuracy in all directions, the model can be further extended by using three different dexel fields, which are perpendicular to each other, so that the nails are parallel to the three axes of space. Especially steep walls, which are almost parallel to the nails, benefit from the additional two dexel fields with much higher accuracy. In Fig. 1 a schematic illustration of a toroidal sample workpiece is shown. We use the prototype of a milling simulation, which implements a multi-dexel field for the workpiece and a CSG-based model for the definition of the cutter, the shank, and the tool holder [7] , [8] . The other parts of the milling machine are modeled by triangle meshes. The simulation of the cutting process, as well as the test for collisions, is performed by calculating intersections between a ray starting on each dexel and the respective CSG primitives. The resulting intersection lists for each ray are combined according to the operators in the CSG tree into one intersection list, which represents the intersections between the workpiece and the combined CSG model. For further enhancement in calculating time the workpiece dexel field is stored in a hierarchical tree. The higher levels of the tree represent lower resolutions, but they are bounding volumes for the elements of the lower levels of the hierarchy. Therefore, if a CSG cutter has no intersection with the workpiece in the higher levels of the tree, there is no need to check the lower levels, which are more exact, but due to the higher number of nails are much slower to test.
Problem Cases
Feed Rate. The feed rate during a cut should be within a restricted range around the value the tool provider suggests for the material of the workpiece to achieve a good surface quality. Otherwise there could be more and/or deeper micro-cracks in the manufactured profile, which can lead to macro-cracks under load and finally to breakage of the whole structure. Additionally, a high deviation from the suggested feed rate could lead to heavy tool wear. However, in order to reduce the maximum force on the cutting edge during the milling process, to prevent tool breakage, and to decrease the material removal rate, which is another factor in relation to the surface quality because of the necessary chip disposal, the feed rate should be reduced at points of high tool load and high volume of the cut, respectively. On the other hand, the idle speed should be as high as possible to reduce the duration of the process and thus to increase the cost efficiency. Furthermore, at the points in between, the acceleration of the tool should be minimized in order to reduce the Advanced Materials Research Vol. 10probability of oscillations within the machine. Though in modern CAM systems it is possible to enter feed rate values and, thus, to integrate them in the NC-file, there is no adaptation with respect to forces on the cutting edge or acceleration of the tool. All feed rate changes have to be entered manually by the user based on experience.
Temperature. Lightweight structures are often manufactured from aluminum alloys or other materials with relatively low melting points (about 600° Celsius). Therefore, when the temperature increases during the milling process, the material becomes too soft. Normally, when the cutter enters the material, a chip is more or less cleanly separated from the workpiece. When the temperature increases, at first the cutting process is facilitated, but later the material starts to adhere to the cutting edge. With a further increase in temperature the material becomes smeary and a clean cut is no longer possible. This occurs especially at thin parts of the workpiece, where the heat energy accumulates because the heat transmission between the material and the ambient air is much lower than the heat flow within the material, or in cavities, in which the cutter is repeatedly moved over the same area. To avoid this effect, such tool paths have to be identified in advance to find out whether the milling strategy has to be changed or new paths have to be generated that prevent such an increase in temperature.
Kinematics deals with the mathematical description of the motion of points or geometrical objects in space without considering the forces that cause the motion. Therefore, it belongs to the branch of mechanics. In this article the focus is on the kinematics of milling machines. Milling machines can be divided into two main groups on the basis of their design: serial kinematic machines and parallel kinematic machines. Serial kinematic machines consist of actuators that are built like a chain. The position of an actuator depends on the state of the previous ones. Parallel kinematic machines consist of actuators that act directly on the tool holder or the workpiece holder. Especially during five-axis milling, the position of struts and other parts can be quite complex and often can not be easily derived from the position of the tool. For this reason it is very difficult to place clamps at a position where no collision can occur. As CAM systems in general do not have exact information on the milling machine layout, there is a risk that the generated NC paths lead to collisions between machine parts, workpiece, or clamps.
There is another difficulty that influences surface quality. Depending on the type of milling machine, rotations of the tool may lead to big rotations or movements of heavy machine parts, for example the spindle holder, although the tool center point does not move fast. Abrupt acceleration of such parts could result in oscillations and, therefore, in a lower surface quality.
Feed Rate Adaptation
There are several possible approaches to the problem of determining the most suitable feed rate at each point of the tool path. The adaptive control method, for example, uses a sensor technology to decrease or to increase the feed rate during the process depending on the measured force and/or volume of the cut. However, this means that the optimal feed rate is not determined until after each cut. In the following two approaches are presented, which adapt the feed rate prior to the machining process. Both are based on the engagement conditions determined by the simulation. The first one is an analytic approach, in which the optimal feed rate at each point is calculated relating to reduced cutting forces and decreased material removal rates. In this case a drawback of the dexel field model arises. Due to the raster of the workpiece, there are fluctuations in the calculated feed rate, which have to be counterbalanced. The second solution uses an artificial neural network to assess the conditions and to derive a suitable feed rate.
Analytic Approach. In this approach the feed rate is calculated from the engagement conditions so that the material removal rate and the force on the cutting edge remain within certain boundaries while at the same time keeping the feed rate in the optimal range given by the tool provider. For this
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purpose not only the volume of the cut is taken into account, but also the geometry of the chip and differences between up and down milling and drill and draw cut (Fig. 2) . During feed motion, the feed rate is set to the maximum value possible for the used machine. However, in order to compensate for the model-induced fluctuations and to generally keep the acceleration of the tool to a minimum, the feed rate progression has to be smoothed. Therefore, the feed rate progression is converted from the time domain to the frequency domain by Fast Fourier Transform (FFT) [9] . Then the high frequencies are filtered out using a low-pass filter with a modified Blackman window function 
where m and n are variable parameters to position the window in the frequency spectrum and f is the frequency. In this way the transition between filtered and not filtered frequencies is softened, thus preventing ripples in the output. The window function is applied as a factor to the frequency values. Finally, the data is converted back to the time domain by Inverse Fast Fourier Transform (IFFT). A disadvantage of this method is that the feed rate adaptation cannot be performed until the simulation of the examined part of the tool path has been completed. The FFT and IFFT can both be efficiently calculated in O(n log n) time, where n is the number of considered feed rate values. The filtered and directly calculated feed rate progressions are shown in Fig. 3 . For the purpose of comparison the moving average is displayed as well. As can be seen, the graph of the low-pass filtered feed rate follows the calculated progression much better than the moving average graph, which is calculated from the previous ten values, without causing too high acceleration.
Fig. 3:
Comparison between direct adaptation of the feed rate, a moving average approach, and a low pass filtered solution.
Neural Net Approach. This approach uses the same engagement condition data as the analytic solution. However, the feed rate is not directly calculated from this data, but the data is passed to a neural net. This neural net consists of a layer of input neurons, a layer of output neurons, and one or more intermediate layers (Fig. 4) . It is a feed-forward net, which means that the value of a neuron depends only on the values of neurons from the previous layer and its own activation. The activation function applies a weight factor to each of the input values and takes the sum as activation value. To obtain the output of the neuron from this activation value, a sigmoid function is used. In this way, the whole net is evaluated from the input neurons up to the output neurons.
During the supervised learning process there is a feedback, whereby the activation function of the neurons is adjusted to compensate for deviations from the value, which is to be learned (backpropagation learning). In a forward pass the error is determined and in a backward pass the weights are modified accordingly. The set of learning data has to be chosen carefully so that all possible situations are recognized after the learning phase. Therefore, NC paths that have been proven to be particularly suitable relating to the feed rate for similar workpiece shapes are used to train the neural net. The more engagement condition data of one cut and the more cuts are to be input into the neural net for determining one feed rate output, the longer it takes to train the net and the more training data has to be provided.
Discussion. As a consequence, the two techniques for determining the adapted feed rate are useful for different purposes. The higher effort in the learning phase of the neural net suggests a usage in mostly constant milling situations like circular drilling. In other milling processes, where the engagement conditions frequently change, the filtering technique has some benefits due to the lower user effort required to get the resulting feed rates. 
Temperature
In order to detect and to avoid situations in which areas of the workpiece surface become too hot and, consequently, too soft, a heat simulation is required that can be integrated into the milling simulation. It should be close to real-time so that the effect of changes in the milling strategy can be quickly determined. Therefore, an implementation employing the commonly used Finite Element Method (FEM) [10] is not practical. Finite Element Analysis (FEA) uses an element breakdown that, as solution for the partial differential equation, results in a system of linear equations, which gets more complex with each additional element. An implementation using a Finite Difference Method (FDM) [10] , on the other hand, would be much more efficient. The proposed method is the FTCS-scheme (Forward in Time, Centered in Space). It uses a simple cube discretization technique, which can also be used in FEA, but the new heat distribution at a subsequent time step can be explicitly calculated from the previous values. In the one-dimensional case the scheme results in
where T t x is the temperature at the grid point x during time step t, t is the duration of a time step, x is the grid width, and , c, and are the material properties thermal conductivity, heat capacity, and density respectively. It is not as precise as a BTCS-scheme (Backward in Time, Centered in Space) or a FEM, but with sufficiently small time steps and elements 2 2 x c t (3) it is stable nevertheless.
To make the future implementation as efficient as possible, the discretization for the heat analysis should be aligned to the dexel field. This could be done by a fixed, three-dimensional grid Advanced Materials Research Vol. 10with each grid cube encompassing a specified number of dexel segments of each of the three dexel fields. Then it would be possible to efficiently update the grid whenever pieces are cut from the workpiece. In addition, a model is needed, which estimates the heat energy that is induced into the workpiece during a cut. The generated energy depends, for instance, on the cutting force and the chipping thickness. However, a fraction of this energy remains inside the tool and the chip, so that the energy fraction in the chip gets larger with increased cutting speed.
Kinematics
The two previously described problems can be counteracted via simulations of the milling process.
Collision Detection. To detect situations of potential collisions, the following two-step approach is a practical solution. In the first step, the positions of each part of the milling machine must be computed for certain points in time. If the time steps in-between are chosen to be small enough, the approximation for the resulting motion is sufficiently precise. In the second step, the various parts have to be checked against each other for possible collisions at each time step. The described scheme was chosen in an implementation of the kinematical simulation of the Mikromat 6X Hexa milling machine, using the free Library VCollide [11] .
For the first step the position and orientation of all machine parts have to be calculated from the position of the tool center point. The solution to this problem is known as inverse kinematic transformation. As it is generally not unique, it is necessary to adjust the simulation to the actual controller of the milling machine. The software needs a description of the parts of the milling machine and a description of how the individual parts are joined. In the simulation, the surfaces of the parts are represented by sets of triangles. To reduce the number of collision tests, it can be specified which parts could collide; the other parts are not tested at all. To further enhance computing times, the triangles, which are tested against each other, are assigned to a hierarchy of bounding boxes. Triangles, which are located in different bounding boxes that do not overlap, cannot intersect and are therefore not tested.
Motion Harmonization. To prevent oscillation induced by sudden acceleration of machine parts, a software module has been implemented. When using ball cutters, the result of the milling operation is independent of the angle of the tool as long as only the radial part of the cutting edge is in engagement. This fact is used to circumvent one cause for oscillations. Furthermore, the developed software needs to be adapted to the respective machine layout. The input data required is a description of the moving parts including the limits for the motion and acceleration capability of the rotational axes. If a swivel motion is accelerated beyond a certain limit, the software adjusts this motion so that it starts earlier but with lower acceleration. The result is a much smoother overall movement of the milling machine. Another positive side effect is the possibility to increase the average feed rate, which might have been limited by the motion of the slowest axis.
Conclusions and Outlook
In this article an in-progress milling simulation has been presented, which addresses several problems that occur during the machining process. It includes two different methods for adjusting the feed rate in regard to process forces and acceleration. The neural net approach is particularly suitable when milling with only moderately changing engagement conditions. In this case, the learning phase of the neural net takes a reasonable amount of time, but the method provides good results nevertheless. In other cases, the analytic approach with a low-pass filter is more practical. It compensates model-induced fluctuations as well as variations that are caused by changing engagement conditions while still retaining the general calculated feed rate progression. The software modules, which were built to counteract the problems associated with the movement of the milling machines, provide suitable solutions: Collisions can be detected reliably and, therefore, the operational dependability of the whole process chain increases. The motion harmonization ensures smooth machine and tool movements and also raises the performance of the process. In general, the surface quality of the machined part improves due to the applied procedures without a negative effect on the milling time. However, there is still some work to be done to optimize the methods, which are described in this article. The two feed rate adaptation techniques already provide some good results, but some testing remains to be done to find the ideal position of the Blackman window in the frequency spectrum and to determine the optimal size and learning data for the neural net. The temperature simulation is not implemented yet, but the approach seems promising. The data model and mathematical details have already been developed except for the heat insertion model. However, this will be an important point for the simulation, which has to be worked on. After this part of the simulation has been implemented, it needs to be tested and calibrated with data gathered from FEM simulations and experiments. The test for collisions already works for the implemented milling machine. As the software structure has been designed to work with a general machine description, other milling machine types should be defined and tested for compliance with the controller of the machine. Additionally, further performance enhancements could be developed, and support for other data formats should be integrated to increase the usability of the simulation.
